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Abstract 
This paper describes a MEMS silicon-based piezoelectric AC current sensor that can be used to monitor the energy usage in an 
electric infrastructure. The overall device concept relies on a silicon cantilever that incorporates a permanent magnet in its mass 
and that is covered by a thin layer of piezoelectric material. When brought close to an AC current carrying wire, the magnet 
couples to the AC magnetic field from the conductor, causing the device to vibrate at the frequency of the AC signal. In contrast 
to previous work, the device in this paper operates at the resonance frequency for improved device response. 
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1. Introduction 
Expanding electric infrastructures demand devices that can monitor the energy usage of individual loads for 
reduction of power consumption. This paper describes a MEMS current sensor to be used in such monitoring 
systems. Unlike commercial sensors that require wire breaking or wrapping of the sensor around the wire, the 
proximity-based device presented here is non-invasive to the electrical circuit. The sensing component is small and 
generates the output voltage, thus this sensor technology may be particularly suited to battery operated systems. As 
shown in Fig. 1, the AC current sensor uses a permanent magnet attached to the free end of piezoelectric cantilever 
beam with the magnetization direction aligned with the mechanical compliance direction of the cantilever beam.  
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Fig. 1. Schematic diagram of the MEMS current sensor. 
When the beam is brought in close proximity to an AC current carrying wire, the magnet couples to the alternating 
magnetic field from the wire, causing the device to vibrate at the frequency of the AC current. The resulting 
deformation of the piezoelectric material produces the AC voltage that is proportional to the current in the wire. The 
magnetic force FM acting on the permanent magnet and therefore driving the cantilever into the vibration is 
proportional to the integral of the field gradient over the magnets volume. This can be described by  
dV
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where FM is the vertical force acting on the magnet Br is the vertical direction remanence of the permanent magnet, 
V is the volume of the magnet, and Hy is the vertical component of the magnetic field. The analytical study of 
magnetic coupling force between the wire and magnet can be found in [1, 2, 3] where such a device concept was 
introduced. The sensor in that instance was operated off-resonance. In contrast, the device in this work operates at 
mechanical resonance (on-resonance operation) providing the dual function of sensor and amplifier. Simulations 
suggest that output voltages greater than those achieved in [2] at lower current amplitudes are attainable. Moreover, 
the structure described here uses a commercial permanent magnet with high remanence of 1.3T and a silicon-based 
process suitable for high volume and CMOS integrated manufacturing. 
2. Results  
2.1. On-resonance and off-resonance operation - experiment 
For proof-of-concept experiments a simplistic test structure was fabricated from a SOI (Silicon on Insulator) 
wafer with 25μm thick silicon device layer, 1μm thick buried oxide layer and 500μm thick layer of handle silicon. 
The 3D model of the test structure is shown in Fig. 2. 
 
                
Fig. 2. 3D model of the test structure (a) top view; (b) bottom view. 
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A miniature permanent magnet was mounted within the silicon frame etched into the handle silicon. For simplicity, 
the test structure was fabricated without an Aluminium Nitride (AlN) layer, although Tyndall’s AlN process [4] will 
be used in future sensor processing. The mechanical resonance of the assembled test structure as described in Fig. 2 
was 95Hz. The magnet was 3mm in diameter and 1.5mm thick. The response of the device was measured using a 
laser vibrometer. The device was positioned 2mm above a single wire of 2mm diameter and the displacement 
amplitude of the cantilever at free end was measured as a function of the current amplitude for an AC frequency of 
95Hz (on-resonance operation). The date from this measurement is shown in Fig. 3(a) and Fig. 3(b), whereas the 
data for the off-resonance operation at 50Hz is shown in Fig. 3(c) and Fig. 3(d). The results show that the structure, 
when excited at resonance, vibrates with significantly higher displacements (maximum displacement greater than 
600um recorded for a test current of 1.5A) than when excited with an off-resonance signal (maximum displacement 
of 3.5um for a test current of 1.5um). It can be expected that the resulting stress generated in the AlN layer (and thus 
the output voltage) will be significantly higher for operation at resonance compared with off-resonance operation.  
 
 
Fig. 3. (a) Measured response of the test structure to AC current of 95Hz (on-resonance operation) for different amplitudes of current; (b) peak 
amplitudes from data in (a); (c) measured response of the test structure to AC current of 50Hz (off-resonance operation) for different amplitudes 
of current; (d) peak amplitudes from data in (c). Currents shown are in RMS values.   
2.2. Voltage response – simulation  
In order to predict the voltage response of the device in on-resonance mode, a 3D model of the test structure was 
simulated in COMSOL. Figure 4(a) shows the vibration amplitude of the sensor corresponding to 1.5A of excitation 
current for three different damping factors assumed in the model. Note that the dashed line represents measured 
data. The model assumes 0.5μm thick AlN layer on top of the cantilever. The resonance frequency of the model 
(102Hz) is higher than the fabricated structure (95Hz) due added stiffness by AlN layer. The output voltage from the 
sensor was obtained by connecting a load resistor (873kΩ) across the AlN layer. Figure 4(b) shows the absolute 
value of generated voltage during cantilever vibration obtained from the device model. The simulation indicates that 
the expected output voltage from the device for 1.5A of excitation current can be in the range of 1.5 – 3V. 
 
Fig. 4. Simulated response of the sensor corresponding to 1.5A of excitation current for three different damping factors assumed in the model, (a) 
vibration amplitude, dashed line represents measured data; (b) voltage response (amplitude values) generated during cantilever vibration.  
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2.3. Device sensitivity to low currents and position with respect to the wire – experiment 
This section presents the typical sensitivity of the device to low current levels and impact of device position 
relative to the wire. The test structure in this section uses a smaller magnet compared with the device used 
previously; the magnet is 1mm thick and 1mm in diameter. The device resonance was 162Hz. Figure 5(a) shows the 
measured vibration amplitude of the device for the current varying from 62mA to 86mA. In the current range of 72 - 
76mA a fine current step of 0.4mA was used. This result demonstrates that the device can potentially provide a high 
sensitivity and high resolution to low current levels. Figure 5(b) shows the response of the device for different 
current levels as it is moved through the magnetic field surrounding the wire from the central location (0mm) to the 
final position which is 8mm from the wire centre, as illustrated in Fig. 5(c). The optimum location of the magnet 
relative to the wire exists where the device response is maximized, which in this experiment is approximately 
1.8mm from the wire centre.  
 
 
Fig. 5. (a) Response of the device to low current levels; (b) Response of the device as it is moved from the center location (0mm) to the position 
that is 8mm far from the wire. The measurement was performed for four different current levels; (c) schematic describing the device movement 
above the wire in the experiment in (b). Note that in experiment in figure (a) the magnet was in the center location (0mm).  
3. Conclusions 
The results of this work demonstrate the potential for a CMOS-compatible, low cost, non-invasive, and self-
powered AC current sensor. It was shown that when the device operates at resonance, significantly larger 
displacements can be obtained when compared to off-resonance operation. This enhanced response of the device can 
significantly increase the level of generated voltage from the device. The device response as a function of the 
current is shown to be highly linear and of high sensitivity. The device location relative to the wire was shown to be 
important and that there exists an optimum position. Further work will focus on more detailed optimization and 
characterization of the sensor performance. Also, a sensor with a 50Hz resonance (the AC supply line frequency in 
many countries) will be developed which integrates the AlN piezoelectric layer for full electrical characterisation to 
a 50Hz power line.  
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